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Mechanism for Immediate
eduction in Mitral Regurgitation
fter Cardiac Resynchronization Therapy
nsights From Mechanical Activation Strain Mapping
ideaki Kanzaki, MD, Raveen Bazaz, MD, David Schwartzman, MD, FACC, Kaoru Dohi, MD,
. Elif Sade, MD, John Gorcsan III, MD, FACC
ittsburgh, Pennsylvania
OBJECTIVES We tested the hypothesis that an immediate reduction in mitral regurgitation (MR) after
cardiac resynchronization therapy (CRT) results from improved coordinated timing of the
papillary muscle insertion sites, using the novel approach of mechanical activation strain
mapping.
BACKGROUND Heart failure patients with left bundle branch block often benefit acutely from CRT; however,
the role and mechanism of reduction of MR are unclear.
METHODS Twenty-six consecutive patients undergoing CRT with at least mild MR were studied
(ejection fraction 24  6%; QRS duration 168  30 ms). Echocardiographic Doppler and
strain imaging was performed immediately before and the day after CRT, as well as in 10
normal control subjects. Mechanical activation sequence maps were constructed using
longitudinal strain from 12 basal and mid-LV sites, with color coding of time-to-peak strain.
RESULTS Mitral regurgitation by the volumetric method consistently decreased after CRT: regurgitant
volume from 40  20 ml to 24  17 ml and regurgitant fraction from 40  12% to 25 
14% (both: p  0.001 vs. baseline). Normal controls had uniform segmental time-to-peak
strain, with a difference of only 12  8 ms between all segments. In contrast, CRT patients
at baseline had a 106  74 ms time delay between papillary muscle insertion sites (p  0.001
vs. normal). This interpapillary muscle time delay shortened after CRT to 39  43 ms (p 
0.001 vs. baseline) and was significantly correlated with reductions in mitral regurgitant
fraction (r  0.77, p  0.001).
CONCLUSIONS Cardiac resynchronization therapy significantly and immediately reduced MR. Improved
coordinated timing of mechanical activation of papillary muscle insertion sites appears to be
a mechanistic contributor to immediate MR reduction by CRT. (J Am Coll Cardiol 2004;
ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.07.03644:1619–25) © 2004 by the American College of Cardiology Foundation
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cardiac resynchronization therapy (CRT) can improve
eart failure (HF) symptoms, exercise capacity, and poten-
ially survival in patients with HF and left bundle branch
lock (LBBB) (1–3). These benefits have been mainly
ttributed to increased efficiency of left ventricular (LV)
lling and ejection through improvements in atrioventricu-
ar (AV) coupling and intraventricular synchronization as
ell as interventricular synchronization (4–9). Although
hese beneficial findings may hypothetically be associated
ith a reduction in mitral regurgitation (MR) after CRT, a
lear distinction has not been defined between immediate
R reduction and remote decreases secondary to reverse
emodeling of the LV, which takes from weeks to months to
ccur. Furthermore, the mechanism of immediate reduction
n MR remains unclear. Our objectives were to quantita-
ively evaluate the reduction in MR immediately after CRT
sing the volumetric Doppler method and to test the
From the University of Pittsburgh, Pittsburgh, Pennsylvania. Dr. Gorcsan was
upported in part by the National Institutes of Health award K24 HL04503-01 and
merican Heart Association National Grant-in-Aid no. 0050587N.a
Manuscript received May 10, 2004; revised manuscript received July 14, 2004,
ccepted July 19, 2004.ypothesis that the MR reduction was mechanistically
ssociated with improved coordination of the LV segments
ontaining papillary muscles, using the novel approach of
train mechanical activation mapping.
ETHODS
ubjects. Of 33 consecutive patients undergoing CRT, 26
ere selected. Five were excluded because they had no MR,
nd two were excluded because of technically inadequate
mages for strain analysis. The protocol was approved by the
uman Research Institutional Review Board. The subjects’
ean age was 66  10 years (21 males); all had chronic,
oderate to severe HF (New York Heart Association class
II or IV) despite optimal standard medical therapy, LVEF
35%, and QRS duration 120 ms. Their mean ejection
raction (EF) was 24  6%; the QRS duration was 168 
0 ms (all with LBBB); and the PR interval was 194  38
s. Heart failure was attributed to coronary artery disease (n
19) or nonischemic cardiomyopathy (n  7) by normal
oronary angiography. No patients had greater than mild
ortic regurgitation or atrial fibrillation. Ten normal subjects
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Acute Reduction of MR by CRT October 19, 2004:1619–25ith no history of cardiovascular disease and normal com-
lete echocardiographic Doppler studies (58  11 years, 4
ales, QRS 90  10 ms, LVEF 64  5%) served as
ontrols.
Cardiac resynchronization therapy was initiated with
mplantation of a biventricular pacing system (CONTAK
D Models 1823, H115 or RENEWAL Model H135,
uidant Corp., St. Paul, Minnesota; InSync ICD Model
272 or Marquis Model 7277, Medtronic, Minneapolis,
innesota), a right ventricular apical lead, and a LV pacing
ead positioned in a LV epicardial vein via the coronary
inus. The LV pacing lead placement was lateral in 11,
osterolateral in eight, anterior in three, anterolateral in
hree, and posterior in one.
chocardiography. All echocardiographic studies were
erformed using either the GE-Vingmed Vivid 5 or 7
ystem (GE Vingmed Ultrasound, Horten, Norway). The
V volumes and EF were assessed by the modified biplane
impson’s method (10). Color Doppler echocardiography
as performed with an aliasing velocity of 55 cm/s (Fig. 1)
11). The onset and duration of MR were determined on
olor M-mode echocardiograms. The diastolic filling time
as measured as the time interval of mitral inflow profile
erived from pulsed-wave Doppler echocardiography.
olor-coded tissue Doppler cine loops from three beats
ere obtained from three apical views: four-chamber, two-
Abbreviations and Acronyms
AV  atrioventricular
CRT  cardiac resynchronization therapy
HF  heart failure
LBBB  left bundle branch block
LV  left ventricular
MR  mitral regurgitationigure 1. An example of acute reduction in mitral regurgitation by color Dop
herapy.hamber, and long-axis views at depths of 14 to 18 cm. The
ulse repetition frequency was 1 kHz; the velocity range was
16 cm/s; and the frame rate was 77 to 134 Hz. Baseline
nd postprocedural assessment was achieved immediately
efore and the day after initiation of CRT.
uantification of MR. The severity of MR was quantified
ith the volumetric method, as previously described else-
here in detail (12). Briefly, MR regurgitant volume was
btained as the mitral inflow stroke volume minus the LV
utflow stroke volume. The mitral inflow and LV outflow
troke volumes were determined as the cross-sectional area
f mitral and aortic annuluses multiplied by the pulsed-wave
oppler time–velocity integral at the annular level, respec-
ively: stroke volume  1⁄4  (diameter)2 (time-velocity
ntegral). Diameters of the mitral annulus were measured at
he base of the leaflets at the time of maximum valvular
pening from the apical four- and two-chamber views and
ortic annular diameter from the parasternal long-axis view.
he MR regurgitant fraction was obtained by dividing the
egurgitant volume by mitral inflow volume.
echanical activation with strain mapping. To assess the
V sequence of mechanical activation, isochronal mapping
as performed using strain measurements (13,14). Strain
as calculated with commercially available software
choPAC PC version 3.00 (GE Vingmed Ultrasound)
rom the velocity data set. Regions of interest with the
nitial length of 12 mm were placed in basal and mid
egments from each view, for a total of 12 segments, to
easure the interval from the onset of the Q-wave on the
lectrocardiogram to the peak longitudinal systolic strain.
o assist in the understanding of the propagating mechan-
cal activation time wave front, a modified “bull’s-eye”
ormat included basal and mid-LV segments (Figs. 2 and 3)pler before (left) and immediately after (right) cardiac resynchronization
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October 19, 2004:1619–25 Acute Reduction of MR by CRT15). Isochrones were manually interpolated and color-
oded using a multi-color map with 50-ms increments.
tatistical analysis. For each measurement, a minimum of
hree cardiac cycles was averaged. Continuous data are
resented as the mean value  SD and compared with the
wo-tailed Student t test for paired and unpaired data, as
ppropriate. Linear regression analysis was used to identify
he relationship between two groups. Intraobserver and
nterobserver variabilities were analyzed in 10 randomly
elected studies and expressed as the mean percent error
difference divided by number of observations). Statistical
ignificance was assumed for p  0.05. All statistical
igure 2. Echocardiographic strain images from the four-chamber view an
o papillary muscles before and after cardiac resynchronization therapy. Ba
uscle site compared with the posteromedial papillary muscle site. Peak sigure 3. Construction of bull’s-eye plot from multiple time-strain curves from
f papillary muscles in a “bull’s-eye” plot.nalyses were performed using StatView 5.0 for Windows
SAS Institute, Cary, North Carolina).
ESULTS
uantitative Doppler echocardiography. Baseline group
ean MR regurgitant volume was 40  20 ml, and
egurgitant fraction was 40  12%. After CRT, the MR
egurgitant volume decreased to 24 17 ml and regurgitant
raction decreased to 2514% (both: p 0.001 vs. baseline)
Fig. 4). The MR associated with LBBB by color Doppler
haracteristically occurred early in the cardiac cycle, with an
o-chamber view, with corresponding time-strain plots from sites adjacent
plots demonstrate late peak strain occurring in the anterolateral papillary
is aligned after cardiac resynchronization therapy in these sites.d tw
selinethe basal and mid-ventricular levels, demonstrating the anatomic location
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Acute Reduction of MR by CRT October 19, 2004:1619–25nset of 38  47 ms from the beginning of the QRS
omplex, with a duration of 288 129 ms at baseline. After
RT, MR appeared to occur later (70  52 ms) after the
nset of the QRS complex, and the duration decreased to
88  126 ms (p  0.002). Heart rate was not changed (72
10 min1 to 74  10 min1). Other observed changes
ncluded decreases in peak E-wave velocity from 88  31
m/s to 80  24 cm/s (p  0.05), prolongation of E-wave
eceleration time from 139  37 ms to 164  41 ms (p 
.001), and increases in diastolic filling time from 357  92
s to 408  102 ms (p  0.05). After CRT, LV
nd-diastolic volume did not change (238 78 ml to 235
5 ml), but end-systolic volume decreased from 182  64
l to 175  60 ml (p  0.001), and EF increased slightly
rom 24  6% to 26  6% (p  0.005). The mitral annular
iameter remained unchanged (3.3  0.3 cm and 3.3  0.3
m). The cardiac index of forward flow increased by 20 
1% after CRT (2.0 0.4 l/min/m2 to 2.3 0.5 l/min/m2,
 0.001). Increases in stroke volume were correlated with
eduction of regurgitant volume (r  0.46, p  0.05) and
egurgitant fraction (r  0.67, p  0.001). After CRT, the
verage AV delay was 124  12 ms, using standard values,
nd formal echocardiographic Doppler AV or interventric-
lar optimization studies were not performed.
train mechanical activation mapping. Representative
xamples of mapping the timing of mechanical activation at
aseline and after CRT in representative patients with
ative LBBB and right ventricular pacing appear in Figure
. In 19 (74%) of 26 patients, mechanical activation oc-
urred first in the segment with the posteromedial papillary
uscle insertion and was delayed in the segment with the
nterolateral papillary muscle insertion and was the typical
BBB pattern. Mechanical activation from pooled data at
aseline before CRT revealed a significant intrapapillary
ctivation delay of 106  74 ms, as compared with normal
ontrols, which was only 12  8 ms (p  0.001). The
nterpapillary muscle activation time delay shortened to 35
31 ms after CRT (p  0.001 vs. baseline). Shortening of
his mechanical time delay between the LV segments
igure 4. Pooled data demonstrating reductions in mitral regurgitant
olume (left) and mitral regurgitant fraction (right) from immediately
efore to the day after initiation of cardiac resynchronization therapy. *p 
.001.djacent to the papillary muscles was significantly correlated eith a reduction of the MR regurgitant fraction (r  0.77,
 0.001) (Fig. 6). It should be noted that none of the 19
atients with ischemic cardiomyopathy had scar, as sup-
orted by a thin and akinetic wall adjacent to the papillary
uscles. To further support the validity of the strain
echanical activation map, LV lead placement after CRT
as associated with the actual or immediately adjacent
natomic segment with the shortest time to peak strain in all
ut one patient (96%).
eproducibility. Interobserver and intraobserver variabili-
ies were 9.5  4.6% and 7.5  4.5% for MR regurgitant
olume, 6.1 3.6% and 6.3 2.2% for regurgitant fraction,
nd 5.8  7.3% and 4.3  5.0% for time to peak strain,
espectively.
ISCUSSION
his is the first study to quantify and associate the imme-
iate reduction in MR after CRT with the coordinated
echanical activation of papillary muscle insertion sites,
roviding mechanistic insight. The volumetric Doppler
ethod was used to quantify MR, and the novel method of
train mechanical activation mapping was used to assess
apillary muscle tethering sequence. Although reductions in
R may result from alterations in any part of the mitral
pparatus, including leaflets, chordae, annulus, or papillary
uscles, the present study demonstrates no immediate
hange in mitral annular dimensions and identifies the
nterpapillary muscle activation time delay as a principal
actor related to MR in patients with HF and LBBB that is
mmediately improved with CRT in a significant proportion
f patients.
Other mechanisms of decreased MR after CRT have
reviously been attributed to decreases in LV size from
everse remodeling, which requires weeks to months to
ccur. In the MUSTIC study, the MR jet area by color
oppler was observed to decrease from 7.4 6.8 cm2 to 5.6
8.3 cm2 in six months (1). In the MIRACLE study, the
R jet area decreased from a median of 7.31 6.14 cm2 to
.1 cm2 at six-month follow-up (3). Observations of more
cute reductions in MR have been made by Yu et al. (2),
ho reported that the MR jet area/left atrial area decreased
rom 36  19% to 21  17% one week after CRT. These
nd other previous studies have assessed MR severity by
olor Doppler (1–3,16). However, color jets are consider-
bly affected by numerous factors: transducer frequency,
ain, Nyquist limit, frame rate, jet eccentricity, and flow
omentum, which is the product of flow rate and velocity
17–21). Breithardt et al. (16) assessed the degree of MR
sing the proximal isovelocity surface area method, which
ses both color and spectral Doppler data, during both
acing-off and CRT in the first week after CRT, and
eported a significantly reduced regurgitant volume from 32
19 ml to 19  9 ml and effective regurgitant orifice area
rom 25  19 mm2 to 13  8 mm2 with CRT. Although
ccentric MR jets by color Doppler accentuated in early or
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October 19, 2004:1619–25 Acute Reduction of MR by CRTre-systole and multiple MR jets, which interfere with color
oppler quantification, were often observed in our study
opulation, the volumetric method was feasible to quantify
igure 5. Mechanical activation maps in the “bull’s-eye” projection from rep
CRT). (A) A patient with LBBB. (B) A patient who previously received a ri
eak systolic strain was color coded with lines representing isochrones of mech
nd the arrow indicates the direction of the propagating mechanical activation.
) papillary muscles are shown. A decrease in interpapillary muscle time dela
igure 6. Pooled data demonstrating reductions in interpapillary muscle
CRT). This was calculated as the difference between time to peak strain in papil
RT (right) was significantly correlated with decreases in mitral regurgitant frahe MR reduction in all. Nonetheless, our present results
upport these previous findings of a reduction in MR after
RT and extend these observations to include a more
ative heart failure patients before and after cardiac resynchronization therapy
ntricular pacer (RV) for bradycardia and was RV paced at baseline. Time to
l activation times at 50-ms intervals. The X indicates sites of lead placement,
to peak strain of sites adjacent to anterolateral (AL P) and posteromedial (PM
associated with decreased mitral regurgitation (MR).
ation delay (left) from before to after cardiac resynchronization therapyresent
ght ve
anica
Timeactiv
lary muscle sites. The change in interpapillary muscle activation delay after
ction.
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Acute Reduction of MR by CRT October 19, 2004:1619–25mmediate time frame and to provide mechanistic insight
ith strain mechanical activation mapping.
Another potential contributor to MR in LBBB is pro-
ongation of isovolumic contraction time (22). As a result of
he development of a LV-left atrial reverse pressure gradient
hen atrial contraction is not followed by an appropriately
imed ventricular systole, diastolic MR is more likely with
he incomplete mitral valve closure (23). Nishimura et al. (7)
eported that a reduction in diastolic MR was a crucial
enefit from AV sequential pacing. As Breithardt et al. (16)
roposed, CRT can restore the mechanical AV synchrony
nd increase LV contraction efficiency, thereby generating
he effective transmitral closing force. Indeed, in our results,
R duration shortened by 41  23% (maximum 86%),
hereas the period (from mitral valve closing to re-opening)
hen MR can occur shortened by 13  10% (maximum
5%) after CRT. These findings agree with their concept
hat the transmitral pressure gradient mediated by a rate of
ise in LV pressure (dP/dtmax) after CRT causes a reduction
f MR.
Our sequence mapping with strain imaging revealed that
he mechanical activation time delay between LV segments
djacent to the papillary muscles was associated with devel-
pment of MR. This suggests that MR in LBBB relates to
n altered systolic balance of forces acting on papillary
uscle due to uncoordinated regional LV activation in these
egments, which results in geometric changes in mitral
eaflet attachments. In experimental models, functional MR
as been shown to occur because of a posterior shift of the
apillary muscle combined with annular dilation (24–26).
tsuji et al. (27) and Hung et al. (28) demonstrated the
mportance of papillary muscle tethering forces as mecha-
istically related to MR. We observed a delay in peak strain
t the mid lateral segment adjacent to the anterolateral
apillary muscle, implying tethering of the mitral leaflet,
hich was improved immediately after CRT. In other
ords, CRT appears to coordinate the tethering forces on
he papillary muscles and increase the leaflet coaptational
urface to reduce MR in these patients. Although alterna-
ions in annular size and shape may also contribute to MR
eduction, no significant change in mitral annular size was
bserved, and intrapapillary muscle activation appears to be
significant factor (28–33).
tudy limitations. Changes in blood pressure may poten-
ially affect the MR data. However, because no alterations in
edications that affect blood pressure were made from
efore to after CRT, it is unlikely that was a significant
imitation. Another limitation is that this study focused on
mmediate MR and LV functional measures after CRT.
ssessment of patients’ symptoms or quality of life was not
art of the study, and longer term effects on morbidity and
ortality warrant further investigation. A technical limita-
ion is that strain measurements are angle-dependent; how-
ver, the use of time-to-peak measures or angle correction
ay minimize this problem (13,14,34,35). Thus, we used
echanical activation times from the three different apical
1iews, which could not be simultaneously acquired to
onstruct the activation maps. We did not observe a
ignificant variation in beat-to-beat cardiac cycle length, but
he mapping approach may have limitations in patients with
n irregular rhythm, in particular atrial fibrillation.
cknowledgments
he authors thank Leonald I. Ganz, MD, William W.
arrington, MD, Samir F. Saba, MD, Ogundu Ngwu,
D, and Walter L. Atiga, MD, for their clinical expertise
nd cooperation. We thank Donald Severyn, MS, for
echnical assistance. We also gratefully acknowledge the
elp and cooperation of the Electrophysiology Study Lab-
ratory technicians and nurses.
eprint requests and correspondence: Dr. John Gorcsan III, Uni-
ersity of Pittsburgh, Scaife S564, 200 Lothrop Street, Pittsburgh,
ennsylvania 15213-2582. E-mail: gorcsanj@msx.upmc.edu.
EFERENCES
1. Linde C, Leclercq C, Rex S, et al. Long-term benefits of biventricular
pacing in congestive heart failure: results from the MUltisite STimu-
lation In Cardiomyopathy (MUSTIC) study. J Am Coll Cardiol
2002;40:111–8.
2. Yu CM, Chau E, Sanderson JE, et al. Tissue Doppler echocardio-
graphic evidence of reverse remodeling and improved synchronicity by
simultaneously delaying regional contraction after biventricular pacing
therapy in heart failure. Circulation 2002;105:438–45.
3. Abraham WT, Fisher WG, Smith AL, et al. Cardiac resynchroniza-
tion in chronic heart failure. N Engl J Med 2002;346:1845–53.
4. Kass DA, Chen CH, Curry C, et al. Improved left ventricular
mechanics from acute VDD pacing in patients with dilated cardio-
myopathy and ventricular conduction delay. Circulation 1999;99:
1567–73.
5. Nelson GS, Curry CW, Wyman BT, et al. Predictors of systolic
augmentation from left ventricular preexcitation in patients with
dilated cardiomyopathy and intraventricular conduction delay. Circu-
lation 2000;101:2703–9.
6. Pearson AC, Janosik DL, Redd RM, Buckingham TA, Labovitz AJ.
Hemodynamic benefit of atrioventricular synchrony: prediction from
baseline Doppler-echocardiographic variables. J Am Coll Cardiol
1989;13:1613–21.
7. Nishimura RA, Hayes DL, Holmes DR Jr., et al. Mechanism of
hemodynamic improvement by dual-chamber pacing for severe left
ventricular dysfunction: an acute Doppler and catheterization hemo-
dynamic study. J Am Coll Cardiol 1995;25:281–8.
8. Kerwin WF, Botvinick EH, O’Connell JW, et al. Ventricular con-
traction abnormalities in dilated cardiomyopathy: effect of biventricu-
lar pacing to correct interventricular dyssynchrony. J Am Coll Cardiol
2000;35:1221–7.
9. Auricchio A, Stellbrink C, Block M, et al. Effect of pacing chamber
and atrioventricular delay on acute systolic function of paced patients
with congestive heart failure. Circulation 1999;99:2993–3001.
0. Schiller NB, Shah PM, Crawford M, et al. Recommendations for
quantitation of the left ventricle by two-dimensional echocardiogra-
phy. J Am Soc Echocardiogr 1989;2:358–67.
1. Helmcke F, Nanda NC, Hsiung MC, et al. Color Doppler assessment
of mitral regurgitation with orthogonal planes. Circulation 1987;75:
175–83.
2. Enriquez-Sarano M, Bailey KR, Seward JB, et al. Quantitative
Doppler assessment of valvular regurgitation. Circulation 1993;87:
841–8.
3. Urheim S, Edvardsen T, Torp H, et al. Myocardial strain by Doppler
echocardiography: validation of a new method to quantify regional
myocardial function. Circulation 2000;102:1158–64.4. Armstrong G, Pasquet A, Fukamachi K, et al. Use of peak systolic
strain as an index of regional left ventricular function: comparison with
11
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
1625JACC Vol. 44, No. 8, 2004 Kanzaki et al.
October 19, 2004:1619–25 Acute Reduction of MR by CRTtissue Doppler velocity during dobutamine stress and myocardial
ischemia. J Am Soc Echocardiogr 2000;13:731–7.
5. Wyman BT, Hunter WC, Prinzen FW, et al. Mapping propagation of
mechanical activation in the paced heart with MRI tagging. Am J
Physiol 1999;276:H881–91.
6. Breithardt OA, Sinha AM, Schwammenthal E, et al. Acute effects of
cardiac resynchronization therapy on functional mitral regurgitation in
advanced systolic heart failure. J Am Coll Cardiol 2003;41:765–70.
7. Thomas L, Foster E, Schiller NB. Peak mitral inflow velocity predicts
mitral regurgitation severity. J Am Coll Cardiol 1998;31:174–9.
8. Temporelli PL, Scapellato F, Corra U, et al. Chronic mitral regurgi-
tation and Doppler estimation of left ventricular filling pressures in
patients with heart failure. J Am Soc Echocardiogr 2001;14:1094–9.
9. Dujardin KS, Enriquez-Sarano M, Bailey KR, et al. Grading of mitral
regurgitation by quantitative Doppler echocardiography: calibration by
left ventricular angiography in routine clinical practice. Circulation
1997;96:3409–15.
0. Kizilbash AM, Hundley WG, Willett DL, et al. Comparison of
quantitative Doppler with magnetic resonance imaging for assessment
of the severity of mitral regurgitation. Am J Cardiol 1998;81:792–5.
1. Enriquez-Sarano M, Tajik AJ, Bailey KR, et al. Color flow imaging
compared with quantitative Doppler assessment of severity of mitral
regurgitation: influence of eccentricity of jet and mechanism of
regurgitation. J Am Coll Cardiol 1993;21:1211–9.
2. Grines CL, Bashore TM, Boudoulas H, et al. Functional abnormal-
ities in isolated left bundle branch block: the effect of interventricular
asynchrony. Circulation 1989;79:845–53.
3. Appleton CP, Basnight MA, Gonzalez MS. Diastolic mitral regurgi-
tation with atrioventricular conduction abnormalities: relation of
mitral flow velocity to transmitral pressure gradients in conscious dogs.
J Am Coll Cardiol 1991;18:843–9.
4. Sahn DJ. Instrumentation and physical factors related to visualization
of stenotic and regurgitant jets by Doppler color flow mapping. J Am
Coll Cardiol 1988;12:1354–65.
5. Cape EG, Yoganathan AP, Levine RA. Increased heart rate can cause
underestimation of regurgitant jet size by Doppler color flow mapping.
J Am Coll Cardiol 1993;21:1029–37.6. Thomas JD, Liu CM, Flachskampf FA, et al. Quantification of jet
flow by momentum analysis: an in vitro color Doppler flow study.
Circulation 1990;81:247–59.
7. Otsuji Y, Handschumacher MD, Schwammenthal E, et al. Insights
from three-dimensional echocardiography into the mechanism of
functional mitral regurgitation: direct in vivo demonstration of altered
leaflet tethering geometry. Circulation 1997;96:1999–2008.
8. Hung J, Guerrero JL, Handschumacher MD, Supple G, Sullivan S,
Levine RA. Reverse ventricular remodeling reduces ischemic mitral
regurgitation: echo-guided device application in the beating heart.
Circulation 2002;106:2594–600.
9. Kanzaki H, Jacques D, Sade LE, et al. Regional correlation by
color-coded tissue Doppler to quantify improvements in mechanical
left ventricular synchrony after biventricular pacing therapy. Am J
Cardiol 2003;92:752–5.
0. Boltwood CM, Tei C, Wong M, et al. Quantitative echocardiography
of the mitral complex in dilated cardiomyopathy: the mechanism of
functional mitral regurgitation. Circulation 1983;68:498–508.
1. Grigioni F, Enriquez-Sarano M, Zehr KJ, Bailey KR, Tajik AJ.
Ischemic mitral regurgitation: long-term outcome and prognostic
implications with quantitative Doppler assessment. Circulation 2001;
103:1759–64.
2. Bach DS, Bolling SF. Improvement following correction of secondary
mitral regurgitation in end-stage cardiomyopathy with mitral annulo-
plasty. Am J Cardiol 1996;78:966–9.
3. Ansalone G, Giannantoni P, Ricci R, Trambaiolo P, Fedele F, Santini
M. Doppler myocardial imaging to evaluate the effectiveness of pacing
sites in patients receiving biventricular pacing. J Am Coll Cardiol
2002;39:489–99.
4. Gorcsan J, Kanzaki H, Bazaz R, Dohi K, Schwartzman D. Usefulness
of echocardiographic tissue synchronization imaging to predict acute
response to cardiac resynchronization therapy. Am J Cardiol 2004;93:
1178–81.
5. Sade LE, Kanzaki H, Severyn D, Dohi K, Gorcsan J. Quantification
of radial mechanical dyssynchrony in patients with left bundle branch
block and idiopathic dilated cardiomyopathy without conduction delay
by tissue displacement imaging. Am J Cardiol 2004;94:514–8.
